A 3D porous LiNi 0.5 Mn 1.5 O 4 (3D-LNMO) was prepared by an easy cotton assisted solution combustion synthesis method. X-ray diffraction (XRD), infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM) were used to characterize the phase structures and micro-morphologies of the products. Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-discharge testing were used to investigate the electrochemical performances. The results revealed that the as-synthesized LiNi 0.5 Mn 1.5 O 4 exhibited a 3D porous structure and ordered P4 3 32 space group. It showed significantly improved rate capability and cycle stability compared with the pristine LiNi 0.5 Mn 1.5 O 4 (P-LNMO) prepared without cotton under the same condition. The excellent electrochemical performances of 3D-LNMO might be attributed to its higher crystallinity and lower polarization.
INTRODUCTION
With the increasing application of electronic devices, lithium-ion batteries (LIBs) with high rate capability, high energy density and long cycle-life are required [1] [2] [3] [4] . How to increase the rate capability of electrode materials without capacity decrease becomes a key issue needed to be solved. As the most promising cathode material, LiNi 0.5 Mn 1.5 O 4 has attracted much attention in recent years. Researches indicated that electrode materials with 3D porous structures generally have excellent rate capability [5, 6] . Cui et al [7] synthesized porous spinel LiNi 0.5 Mn 1.5 O 4 by microspheres MnCO 3 template method, and the product exhibited high rate capability and good cycle performance. Zhang et al [8] investigated porous spinel-type LiNi 0.5 Mn 1.5 O 4 with ordered P4 3 32 phase. The specific capacities of the fabricated LiNi 0.5 Mn 1.5 O 4 were 140 mAh/g at 1 C and 109 mAh/g at 20 C, and retained 91% at 5 C after 100 cycles. Pan et al [9] synthesized a porous LiNi 0.5 Mn 1.5 O 4 with a particular core-shell structure by template method. The specific discharge capacity of the as-prepared materials was 124.8mAh/g at 5C rate and retained 88.4% after 400 cycles. Yi et al [10] prepared porous spherical LiNi 0.5 Mn 1.5 O 4 -CeO 2 with ordered P4 3 32 phase, and the products exhibited superior cycling stability, discharge capacity and rate capability. We have previously reported porous LiNi 0.5 Mn 1.5 O 4 prepared by a facile method with corn stalk or pine wood template [11, 12] , and the products exhibited significantly improved electrochemical performance of cycling stability, specific capacity and rate capacity.
In this paper, a 3D porous LiNi 0.5 Mn 1.5 O 4 was synthesized by cotton assisted solution combustion method. The cotton which is used as template and fuel in the solution combustion system could be easily removed when treated at high temperature. The 3D porous LiNi 0.5 Mn 1.5 O 4 exhibits significantly improved rate capability and cycle stability compared with the pristine LiNi 0.5 Mn 1.5 O 4 because of the porous structure, low polarization and well crystallinity.
EXPERIMENTAL

Synthesis
Firstly, 10g mixtures of equal mole of CH 3 COOLi and LiNO 3 , (CH 3 COO) 2 Ni and Ni(NO 3 ) 2 , (CH 3 COO) 2 Mn and Mn(NO 3 ) 2 with the ratio of 1.0:0.5:1.5 (in mole) were dissolved together in 15 ml distilled water until a settled solution was obtained. Then, moderate amount of cotton was soaked in the solution for 30 min. After filtrated, the sample was put into a furnace. The temperature of the furnace increased from 25 °C to 700 °C at a rate of 10 °C/min and maintained at 700 °C for 12h. After cooled down to 25 °C naturally, the desired LiNi 0.5 Mn 1.5 O 4 (3D-LNMO) was obtained. A pristine LiNi 0.5 Mn 1.5 O 4 (P-LNMO) was prepared for comparison under the same conditions without the use of cotton.
Characterization
XRD (X'pert pro, PANalytical), FT-IR (PerkinElmer, with KBr pellets) and SEM (Quanta FEG 250, FEI) were used to ascertain the phase structures and micro-morphologies of the as-synthesized 3D-LNMO and P-LNMO.
Electrochemical performance test
A CR2025 coin cell was assembled to measure the electrochemical performances of the products. The as-prepared LiNi 0.5 Mn 1.5 O 4 including 3D-LNMO and P-LNMO, Li metal foil, 1.0M LiPF 6 dissolved in EC/DMC (1:1 in weight), porous Celgard 2400 polyethylene membrane was used as cathode, anode, electrolyte and separator, respectively. For the preparation of the cathode electrode, a slurry of 80wt.% 3D-LNMO or P-LNMO, 10wt.% carbon black and 10wt.% PVDF which was dissolved in NMP was coated onto Al foil. The diameter of electrode is ~16 mm and LiNi 0.5 Mn 1.5 O 4 on electrode is about 3.0 mg. After drying at 120°C for 12h in vacuum of the cathode electrodes, the cells (CR2050) were assembled in high purity Ar-filled glove-box and charged-discharged at a desired C rate (1C=150 mAh/g) between 3.5V and 5.0V.
The CV were performed at a scan rate from 0.05 to 0.25 mV/s during a voltage range from 3.5V to 5.0V using the electrochemical workstation (CHI 660). The EIS was measured using CHI 660 after charging to 5V of the cells. The amplitude of ac voltage was 5mV and the frequency was in the range of 0.1Hz-100 kHz. The XRD patterns of 3D-LNMO and P-LNMO are shown in Fig.1 (a) . All peaks of 3D-LNMO and P-LNMO correspond to LiNi 0.5 Mn 1.5 O 4 , indicating that the two products are single phase LiNi 0.5 Mn 1.5 O 4 . LiNi 0.5 Mn 1.5 O 4 spinel has two particular types of lattice structures, which are the ordered P4 3 32 and disordered Fd-3m [13, 14] . Generally, the LiNi 0.5 Mn 1.5 O 4 materials are the combinations of the two structures [15] . However, XRD analysis is difficult to be distinguish the difference between the ordered and the disordered structures [16] . FT-IR spectroscopy is an efficient technique to differentiate the ordering degree of the LiNi 0.5 Mn 1.5 O 4 [17] . Fig. 1(b) shows the FT-IR spectra of 3D-LNMO and P-LNMO. The intensities of the Ni-O band at 584 cm -1 of the two products are stronger than those of the Mn-O band at 618 cm -1 , suggesting that the ordered structure in both 3D-LNMO and P-LNMO are dominant [18] [19] [20] .
RESULTS AND DISCUSSION
Phase composition
Morphology
Fig . 2 shows the SEM images of 3D-LNMO (a-d) and P-LNMO (e-f). As shown in Fig. 2 (a)-(d), the numerous pores have been formed obviously within the whole 3D-LNMO material. The micromorphologies of 3D-LNMO present a 3D interconnected porous structure which is similar to the cotton. The particles are well-crystallized and dispersed, and they exhibits typical spinel octahedral aspect. Differently, P-LNMO exhibits agglomerated bulk morphologies and imperfect crystallinity (as shown in Fig. 2(e) and Fig. 2(f) ). These results imply that 3D-LNMO has well crystallinity relative to the P-LNMO.
Figure 2. SEM images of 3D-LNMO(a-d) and P-LNMO(e-f)
Electrochemical performance
The initial charge-discharge curves of 3D-LNMO and P-LNMO are shown in Fig.3 (a) . The initial capacities of charge and discharge of 3D-LNMO are 154.0 mAh/g and 128.9 mAh/g, respectively. The initial coulombic efficiency of 3D-LNMO is 83.7%. For P-LNMO, the initial capacities of charge and discharge are 150.3 mAh/g and 120.0 mAh/g, respectively, and the initial coulombic efficiency is 79.8%. The initial capacity and initial coulombic efficiency of 3D-LNMO are superior than these of P-LNMO. From Fig.3 (a) it also can be seen that the 4.0 V potential plateaus of 3D-LNMO and P-LNMO are very small, indicating that the two products have high degree of structural ordering [21] , which are consistent with the results of FT-IR in Fig. 1(b) . The cycling performances of 3D-LNMO and P-LNMO at 25 o C are shown in Fig.3 (b) . Both the two products display excellent capacity retentions. The capacity retentions of 3D-LNMO and P-LNMO are 99.3% and 97.3% after 100 cycles, respectively. However, the plateau voltage of P-LNMO drops obviously from the first cycle to the 100 th cycle (as shown in Fig. 3(c) ). On the contrary, the capacity and the plateau voltage of the first cycle and the 100 th cycle of 3D-LNMO are nearly the same (as shown in Fig. 3(d) ), suggesting that 3D-LNMO is more stable than P-LNMO during cycling.
The rate capabilities of P-LNMO and 3D-LNMO are shown in Fig.4 (a) and Fig.4 (b) . The rate capability of 3D-LNMO is significantly improved, especially at higher rate. Fig.4 (c) and Fig.4 (d) show the discharge curves of P-LNMO and 3D-LNMO at various C rates. It is clear that with the increasing C rate, the plateaus voltage of P-LNMO drop is much larger than that of 3D-LNMO. At 10C, 3D-LNMO can deliver the capacity of 88 mAh/g, but the capacity of P-LNMO at 10C nearly drops to 0 mAh/g. Moreover, compared with other cathode materials of LiNi 0.5 Mn 1.5 O 4 -based spinels [22] [23] [24] [25] [26] , the rate capability and cycling performance of 3D-LNMO are also superior( Table 1) . Mn 3+ /Mn 4+ , respectively [27, 28] . This is consistent with the charge and discharge curves in Fig. 3 .
Meanwhile, the peak shape change of 3D-LNMO is smaller than that of P-LNMO with the increasing of scanning rate from 0.05 to 0.25 mV/s. It means that 3D-LNMO has a lower polarization compared with P-LNMO. Furthermore, the weak peak at around 4.0 V indicates that few Mn 3+ ions were present in 3D-LNMO and P-LNMO [29] . 
Where n is the number of electrons per molecule involving in transfer reaction (n=1), A is the electrode area (A=2 cm 2 ) and C Li is the bulk lithium ions concentration in the electrode Fig. 5(c) ), respectively, which are in agreement with the literatures [32, 33] .
The EIS of 3D-LNMO and P-LNMO after 3 rd cycled and a possible equivalent circuit are shown in Fig. 5(d) . The intercept at the Z' axis assigns to the electrolyte resistance (Rs), while the semicircle corresponds to the Li + migration resistance(Rf) and the charge transfer resistance (Rct) [24, 34] . As is present in Fig. 5(d) , the Rct of 3D-LNMO is smaller than that of P-LNMO, implying that 3D-LNMO has a lower electrochemical polarization than P-LNMO. It is a possible reason that 3D-LNMO has superior rate capability than that of P-LNMO.
CONCLUSIONS
In the work, a 3D porous LiNi 0.5 Mn 1.5 O 4 (3D-LNMO) was prepared by an easy cotton assisted solution combustion synthesis method. The 3D-LNMO has well crystallinity relative to the pristine LiNi 0.5 Mn 1.5 O 4 (P-LNMO). The 3D-LNMO and P-LNMO were dominant with ordered P4 3 32 space group, but 3D-LNMO showed significantly improved rate capability and cycle stability compared with the P-LNMO. The capacity and the plateau voltage of the first cycle and the 100 th cycle at 1C of 3D-LNMO change little, while the plateau voltage of P-LNMO drops obviously. Moreover, at 10C, the capacity of 3D-LNMO is 88 mAh/g, but the capacity of P-LNMO at 10C nearly drops to 0 mAh/g. The excellent electrochemical performances of 3D-LNMO might be attributed to its higher crystallinity and lower polarization.
